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A bellows is fabricated from a 12-in. section of type 321 or type 
216 stainless steel tubing. In order to ensure that the bellows will 
survive the rigors of the production environment, it is essential that 
the tubing be free of all "scratch like" defects. A feasibility study 
was conducted to determine if an eddy current method could be developed 
to nondestructive1y examine this tubing. 
The problem consisted of inspecting large quantities of the thin-
walled stainless steel tubing to a sensitivity level of 0.0006 in. 
(0.015 mm). The defects could be located on either. the interior or 
exterior surface of the tube. The tubes were nominally 0.144 in. (3.66 
mm) in diameter and approximately 0.005 in. (0.127 mm) thick. The 
individual length of each tube ranged anywhere from 20 to 40 in. (0.5 to 
1.0 m). 
This report describes the feasibility testing that was conducted, 
along with the design and development of a pulsed eddy current 
instrument. The inspection capability of this instrument is also 
detailed. 
DETERMINATION OF TECHNIQUE FEASIBILITY 
Due to project schedules, there was not enough time to finish a 
complete analytical design study starting with Maxwell's equations and 
using our computer programs for wall thickness variations and flaw 
estimation. Instead, the optimum coil size was estimated from earlier 
work. [1] The general coil and conductor system used was a ref1ection-
type probe. This coil system has been well analyzed and successfully 
used to solve a large number of inspection problems in the past. 
1 Operated for the U.S. DEPARTMENT OF ENERGY by Martin Marietta Energy 
Systems, Inc., under contract No. DE-ACOS-840R21400. 
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An eddy current test can easily detect and measure exterior surface 
flaws, so most of our design study concentrated on detecting inner 
surface flaws with an external coil. Earlier work suggested that a 
ratio of thickness to coil mean radius of 0.6 would give the best 
sensitivity for flaws within 12 percent of the wall thickness. This 
corresponded to a coil mean radius of about 0.008 in. (0.20 mm) for 
tubing with the nominal wall thickness. However, it is impractical to 
construct a reflection coil smaller than 0.020 in. (0.51 mm); moreover, 
a coil of this size (0.008 in.) would be very sensitive to lift-off. A 
0.020-in. (mean radius) coil has a thickness to mean radius ratio of 
0.25, but only one-half the sensitivity of the optimum size (0.008 in.) 
coil. The optimum frequency for the 0.020-in. coil was estimated to be 
about 9.0 MHz for external defects. The optimum frequency for internal 
defects would be much higher. These approximate values provided the 
starting point for our experimental investigation. 
EXPERIMENTAL STUDIES 
An experimental design study was conducted using a Hewlett-Packard 
4192A Low Frequency Impedance Analyzer. The impedance analyzer and the 
mechanical scanning system are both controlled by an IBM 9000 computer 
over the IEEE-488 Bus. 
For the initial design study, measurements were obtained from a 
single tube containing three simulated outer surface flaws (EDM notches) 
and three simulated inner surface flaws (also EDM notches). The flaw 
depths for both the inner and outer surface flaws were 0.001, 0.002, and 
0.003 in. (0.025, 0.051, and 0.076 mm). The inspection frequencies 
evaluated were 3.25, 6.5, and 13.0 MHz. The magnitude and phase data 
were acquired by the computer, where a least-squares routine correlated 
it to flaw size. 
The best results were achieved with the magnitude and phase of the 
13.0 MHz frequency. The best fit was obtained using a constant, a 
linear term, and a squared term for both the magnitude and phase. The 
RMS fit error was 0.0003 in. (0.008 mm), and the drift error was 
0.000015 in. (0.0004 mm), corresponding to a change in magnitude of 
0.001 dB and a change in phase of 0.01 degrees. 
Computer programs were written to compute flaw sizes (for both 
internal and external flaws) and plot the results on a hard-copy device. 
Figure 1 is a plot of the computed results for the tube containing the 
O.OOl-in., 0.002-in., and 0.003-in. (0.025 mm, 0.051 mm, and 0.076 mm) 
outer and inner surface flaws. Because of the indexing of flaw 
locations, the outer surface flaws show up more clearly on the 
thirteenth scan line, and the inner surface flaws show up best on the 
fourteenth scan line. 
Further studies indicated that the experimental system was capable 
of reliably detecting both inner and outer surface flaws as small as 
0.0006 in. (0.015 mm) in relatively clean tubing. This sensitivity was 
judged to be adequate, but the scan time for this single-frequency 
measurement was too excessive to be implemented as a production test. 
The time for a low-resolution scan (such as the one depicted in Figure 
1) was approximately 17.5 min/in. with the main delay being attributed 
to the slow response time of the impedance analyzer. 
A new instrument, the Hewlett-Packard 4194A Impedance/Gain Phase 
Analyzer was tested as a possible replacement. This instrument could 
acquire readings at a rate 60 times faster than the HP 4192A. 
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Unfortunately, the noise superimposed upon the data was excessive at 
this high speed. When averaging techniques were implemented to reduce 
the noise level, the acquisition speed became less than that of the old 
instrument (the HP 4192A) . Since a large amount of tubing needed to be 
inspected, it was decided to proceed with the development of a high-
speed system capable of multiple property measurements. 
Multiple property measurements are measurements in which, several 
different test properties such as lift-off, wall thickness, and flaw 
size can all vary at the same time. Measurements of this type require 
that the interrogating signal contain enough information that the 
effects associated with different property variations can be separated . 
The pulsed system described in this report scans the tubes at 1.5 
in./min approximately 26 times faster than the impedance analyzer fixed-
frequency system. 
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Figure 1. A plot of internal and external reference defects in a 
piece of stainless steel tubing. 
PULSED INSTRUMENT DEVELOPMENT 
The traditional multiple-frequency instruments that have been 
developed at Oak Ridge National Laboratory are unable to operate 
reliably beyond 2 . 0 MHz, and instruments that multiplex frequencies 
(such as the impedance analyzer) tend to be slow and noisy. For these 
reasons we decided to develop a pulsed instrument with an effective 
bandwidth of 20.0 MHz. 
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A block diagram of the first type of instrument considered is shown 
in Figure 2, with the simulated pulse response. This instrument 
transmits a pulse to the driver coil; the resulting electromagnetic 
field interacts with the tube specimen and is then detected by the 
receiver coil. The detected pulse is amplified and fed to track-and-
hold modules (sample-hold devices). A timer synchronized to the 
transmitted pulse "holds" the voltage amplitude at given times so that 
the slower analog-to-digital converters (ADCs) can measure the voltage 
and send this value to the computer. These values of voltage at given 
times can be used to compute the different specimen properties, just as 
the magnitudes and phases of sinusoidal eddy currents are used in 
multiple-frequency instruments. Unfortunately, the frequency response 
of this type of instrument is limited to the slew rate of the sample-
hold modules. 
An alternative type of pulsed instrument is one that measures times 
taken for a pulse to reach a given voltage level. This type of instrument 
is illustrated in Figure 3. This instrument also transmits a pulse to the 
driver coil, and the pulse modified by the sample is detected by the recei-
ver coil. The pulse is then amplified and sent to voltage comparators, 
which put out a pulse when the voltage reaches a present voltage level. 
The time interval between the transmitted pulse and the pulse from a 
voltage comparator is then measured. This time is converted to a 
digital value and used to calculate multiple properties in the same 
manner as discussed with the previous instrument. 
Since the ability to measure time intervals accurately at high 
frequencies has successfully been proven with phase-sensitive 
instruments, we decided to develop an eddy current instrument of this 
type. One drawback with this type of instrument is that for large 
values of lift-off the preset voltage level will never be reached (i.e., 
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Figure 2. A block diagram illustrating the operation of a pulse 
amplitude instrument. 
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Figure 3. A block diagram illustrating the operation of a pulse 
time interval instrument. 
the measured time interval becomes very large). The pulsed-amplitude 
instrument (see Figure 2) will lose resolution and fail in a more 
graceful manner as lift-off becomes large. 
PULSED INSPECTION SYSTEM 
Figure 4 is a simplified block diagram of the pulsed eddy current 
inspection system designed for inspecting the thin-walled stainless 
steel tubing. It consists of an IBM System 9000 microcomputer that, 
controls the pulsed eddy current instrument and the mechanical scanner, 
and acquires, analyzes, stores, and plots the inspection data. The 
clock operates at a frequency of 3.2 MHz, and the pulser feeds square 
waves at that rate (through a RLC network) to the reflection probe. The 
reflected signal, modified by the tubing, is amplified by a wideband 
amplifier, buffered, and fed to the eight voltage comparators. When the 
pulse reaches the preset level of the voltage comparator, a signal is 
produced that turns off a flip-flop circuit (which was initially turned 
on by the pulser). This flip-flop circuit drives a higher voltage 
circuit that swings between two reference voltages (one representing on 
and the other off). The average voltage from this circuit is 
proportional to the time between the pulser voltage turning on and the 
amplified reflected pulse reaching a certain voltage level. This 
voltage is averaged by a low-pass filter, balanced against an offset 
voltage, and amplified. It is then converted to a digital signal by the 
analog-to-digital converter (ADC) board, which consists of eight 12-bit 
integrating ADCs. An on-board NDT-COMP9B[2] microcomputer reads each of 
the ADCs and sends data over the IEEE-488 bus to the IBM System 9000 
computer. 
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Figure 4, A simplified block diagram of the pulsed eddy current 
system. 
SCANNING AND MECHANICAL HANDLING SYSTEM 
The system used to scan the stainless steel tubing was based on an 
earlier design . A Modulynx controller, interfaced to the IBM System 
9000 computer, is used to drive a two-axis Velmex scanner (Figure 5) . 
This scanning system has a linear scanning range of 42.75 in. (1.086 m) 
and a linear resolution of 0.00025 in. (0.006 mm) . A second motor 
provides rotational scanning, with an angular resolution of 1.8 degrees 
per motor step. 
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Figure 5. A depiction of the complete eddy current tubing 
inspection system. 
A mandrel is inserted into one end of the tube and clamped into a 
collet on the motor. This provides a method for firmly gripping the 
tube without marking it. Other types of fixturing tended to work loose 
during the stop-and-go scanning of the tube. 
As the tube is scanned, it passes through a teflon probe holder 
with teflon inserts, which prevent inspection scratching. An aluminum 
bushing is attached to the probe tip and the tubing to provide uniform 
cooling. The probe is also mechanically fixtured to maintain a constant 
lift-off at 0.002 in. (0.05 mm) above the tube. Ambient air serves as 
the coup1ant between the probe tip and the tube. 
Figure 6 shows the locations on the tube where inspection data are 
obtained. There are twenty circumferential readings taken for each 
axial translation. The circumferential spacing between each reading is 
0.023 in. (0.57 mm), which is adequate to ensure that no flaw is missed. 
The axial spacing between readings is approximately 0.024 in. (0.60 mm). 
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Figure 6. An illustration of where inspection data are obtained on 
the stainless steel tubing. 
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SUMMARY 
A high-speed pulsed eddy current system was designed and 
constructed for multiple property measurements at a bandwidth of 20 MHz. 
This system is capable of detecting defects as small as 0.0006 in. 
(0.015 mm) (approximately 12 percent of the wall thickness) in depth, on 
either the interior or exterior surface of thin-walled stainless steel 
tubing. Several computer algorithms were created to automatically size 
and locate defects. The system is fully automated (capable of making 
accept/reject decisions) and will, therefore, be very useful for future 
applications involving similar materials. 
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